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INFRARED DIFFERENTIAL ABSORPTION FOR ATMOS?HERIC POLLUTANT DETECTION

I. INTRODUCTION

This first semi-annual report summsrizes the progress made to date

in the generation of tunable infrared radiation and its application to

lhremote pollutént detection by the differential sbsorption method.

At the Laser Radsr Conférence in Sendai, Japan held recently, it was
recognizedlthat future remote pollutant measurements depended criticelly
on tﬂélavailability of high energy tunable transmitters. Furthermore, due
to eye safety requirements, the transmitted frequency must lie in the i.h m

to 13 pm infrared spectral range.

Recent experiments by Walther et al., at the University of Cologne in

Germanyl and by Grant et al., at‘S.R.I.e'have shown éxﬁerimentally that the

differential sbsorption method offers the best potential for sensitive remote
pallutant detection. There was general agreement‘at the Sendai conference that
this is the case.

Our paper, describing progress in our high energy tunable ccherent source

was the only paper presented at the conference concerned with the generation of

3

high energy tunable infrared radiation. A‘preprint of the paper” deseribing

the 1.4 pm to 4.4 pm LiNbO, persmetric oscillator is given in Appendix I.

3
Appendix II is a preprint of s review paperh on remote pollutant detection
written for the ICO Meeting held in Tokyo just prior to the Sendai Meeting.

This paper has been submitted to Opto-Electreonics for publication.



II. DIFFERENTIAL ABSORPIION METHOD

We have given further consideration to ?;llutant ﬁeasurement by the
differential absorption metﬁod. Three areas of concern have been identified.
They afe required transmitted energy vs wavelength in the infrared due to the
approximately. 12 decrease in Mie backscaﬁter'ﬁith'wavglengths between 1 um
and 10 pm; the decrease in'scintillation in the infrared and the reduction in
gignal t§ noiée ratio due to digitation noise.

The decrease in returned signal due to the kz decrease in Mie scattering

r-ia beiﬁg investigated in more detail theoretically. But at this time differential

gbsorption measurements may be limited to wavelengths less than 5 um with the

present transmitter 6perating at 20 mJ pulse energy.

A review of scintilletion studies seems to indicate the likely possibility

~of an alternate on and off resonance pulsed system zs opposed to a double pulsed

system. In the infraréd,scintillation decreases in amplitude with increasing
wavelength. Due to the high cost and difficult technology involved in a double
pulse system we plan to carry out initial work with the alternate puléed approach.

Recent sdvances in A to D converters has led to a 10 bit, 10 MHz system

at 2 cost of under $lO,OOO.5 This A to D converter, followed by a buffer

memory is fully capable of processing the return radar signal in conjuncticn

with ocur FDPFLIE-10 computer. ﬁe feel that the 10 bit capebility is essential

‘ if full sensitivity is to be obtained in the differentiel absorption measurements.

We are presently discussing possible additional support with the Electric

Power Research Institute (EPRI) to aid in the purchase of the A to D converter

for the data receiving system.



III. HIGH ENERGY WIDELY TUNABLE INFRARED sodRcé

We have successfully demonstrated the 1.k pm to L.k pm I'.a‘.NbO3 parsmetric
oscillgior source.. The important results are summarized in the preprint
presented in Aépendix I.

Qur present effort lies in the evaluation of'the 1.06 .um amplifier
-chéin and operation_bf the oscillator at higher input energies. We ekpect
to complete this work within}the next two weeks.

Our schedule czlls for thé completion of the computer controlled oscillator
stage by Janusry 1975. We should be ready to initiate external pollutant
measurements by early Spring. ‘

The growth of (Ol-4) LiNbO, crystals has been carried out by three

3

companies so that 2 commercial supply of these crystals should be svailsble soon.

IV. DATA FROCESSING SYSTEM

The PDPllﬁ-iO minicomputer was received in July. It is noﬁ fully 0perational-
with RT-11 and basic scftware.‘ Recently we received the CAMAC interface crate
’_gnd stepper motof controllers.. A software program was completed whith allows
programing of stepper motérs and D ta A converters. We have demonstrated
the capability by programing a stepper motor.

We ere presently evaluating data display systems. Costs’and capabilities
range from $3,500 for & CAMAC controlled color TV display to over $25,000 for
e full computer controlled random access color display.

At the Sendai conference ¢. Frush of NQOAA presented a paper describing a
computer compstable fast A to D conveftér with gain switching end buffer

memory. We have called Dr. Frush and are more cerefully evalusting his processor.
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At this time, the specifications of Computer Labs. 10 bit A to D converter

appear to be the best available. We hope to complete the evalustion of the

aveilable systems during the next two months.

V. MEASUREMENT PROGRAM

We have initiated design of a felescoye :ecei%ing systeh and the
necessary building modifications to install a receiver-transmitter system
bn the Miérowave Laboratory roof. From our roof location probasble targets for
a future air pollution study sre down-town Palo Alto (range ~1km}, Stanford
parkiné'iot (range ~200 m) and the Stanford Steam Plant (range ~3C0 m). We
8lso have numerous tsfgets for topographical reflectors including Hoover tower
(range 600 m), Eucalfptus trees trange 506 m) and fhe kills across the Ba&
(range ~10 km). We will more fully evaluate these potential bargets-as our

measurement prbgram begins. However, at this time the natural gas burning

Stanford Steam Plant appears to be an ideal active source for future study.
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.  APPENDIX I

Allh pm to L. pm H:GH ENERGY ANGLE TUNED Lllfrbo3
© PARAMETRIC OSCILLATOR :

B.L. ‘Herbst, R.N. Flem;nc and R.L. Byer

ABSTRACT
| Wé have Operated a hlgh galn, angle tuned singly reédnant LiﬁbO3
parametric osc1llatcr pumped directly at 1. 06 pum by & Q-switched Nd YAG-
laser. The oseillator angle tunes from degeneracy and operates over the
entire 1.4 pm to 4.h pm range. Qutput energies of greater than 1 mJ/pulse
at 5 pps have been cobserved with a 15 energy conversion efficiency. The

‘key-to this device is the large LiNb0O, crystals fabricated from new [Ol.k4]

_ 3
grown boules. Crystals up to 15 mm diameter and 5 cm in length have been
cut at the nominal h?o orientation. These crystals will potentially handle

. over 2J of optical energy at 1-06 um.



A 1.4 ym to 4.4 pm HIGH ENERGY ANGLE TUNED 1.5.Nt:~o‘3
PARAMETRIC OSCILLATOR

At present two methods are available for obtaining‘peaﬁ powers greater
than sé@eral.hundred watts of continuously tunable coherent radiation in the
1.5 to 4.5 um region. These are parametric mixiﬁg and parametric oscillation.

- Since in parametrié mixing two inﬁut wavelengths are needed one of which is
tunsble, mixing wavelengths ﬁave been limited ﬁrimarily to the vis?ble and

. pear 1nfrared.where dye lasers ﬁrovide the tuneble component. Although high
jeak input powers are avﬁilable efficient down conversion has not been realized
because of problems of beam overlap and phase mismatch.l’2’3 Pﬁrametric
oscillators,kflo potentially efficient converteré_in the region; have been

.-'limited to lo% power or low efficiencieé becaﬁse of operation far from
:degeneracy, smail crystal size or low crystal damage threshold.

- WE have_?ecéntly;studied a potentially high enmergy widely tunable infrared

boufce. The:dévice is an sngle tuned, singly resonant LiNbOB_parameﬁric
-oscillator pumped by & Q-switched 1.06 um Nd:fAG laser. The oscillator operates

= -“at rocm temperature apd tunes the complete range of 1.k pm to 4.45 pm, The

-

- — key element in this device is the large LiNDO, crystals available by using a

3
new {Ol-h]_boule growth direction. ] : _ -
| LiHb03 boules grown along the [01-4] axislt yield large.diameter, Etrain
free, high optical éuality crystals. The boule axis lies 380 to the optic axis
3n the y=z _ﬁiane. Thus large parametric oscillator érystals can be fabricated
::;3; _at thé nominal LTO phasematching engle desired for a 1.06 pm pumped parametric
oscillator. To date we have grown fourﬁeen boules and have fabricated oscill#tor
.erystals 1.5 em diameter by 5 em long. Using 8102 anti-reflection coatings, thése

LiNbO, crystals have operated in the parametrib oscillator at greater than

3 .
2 J/cm2 energy density without damage. For our 20 nsec Q-switched pulse the

-T-_
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" to the [11-0] direction, and 4

- corresponding surface intensity is 100 waéma}

The boules are'grnﬁn by the Czochralskj method st the congruent melt

composition using seeds with 2 known [OI-O]Idirection. After annealing,

. the boules are poied to maximize the effective nonlinear coefficient. BSince

, : . : 6 . ]
deff = d31 sin{(8 +p) + d22 cos(f + p) sin 39 where is the phasematching

- sngle, p the double refraction angle and @ 'the orientation with respect

131 and 622 a#e gnown to be of opposite
sign,12 ‘the effective nonlinear coefficient is maximized for propagation
in the second and fourth yz quadrants, For ldBll = 6.25 x 10-12(m/V)

and Vld22l =3.3% 10712 nfv -, dEff = 6.88 % 10™12 m/v for © = 47° and

_p = 0.0k rad. Thus the effective nonlinear coefficient is slightly larger

et 6 = 47° then that for & =90° . -

The experimental setup is shown in Fig. la. The pump source-is a law
energy flashlamp pumped Nd:YAG laser 6pérating at 1.06 p at 10 PpS. The laser
is\gleétro-oPﬁic Q- switched with output energies of up to 20 mJ in a 20 ns pulse.
Operation is liﬁifed ﬁq afﬂﬂ%ohmde with an internel aperture_but no effort was
made to limit the spectral bandwidth. Figure 1b shows & photograph of the .

3
The laser output having & 780 p spot size is incident directly on the

- LiNbO., oscillator with 1 em diameter by 5 cm crystal within the oscillator cavity.

oscillator cavity without ececllimetion or.mode matchiﬁg. For operation over

the entire tuning range two sets of parametrié oscillator mirrors were used.
ﬁbwever, broadband mirror costings covering the 1.4 to 2.1 puiregion will allow
tuning over the entire rangé from 1.k pm to.h.h um with one set of optics.

The oscillator cavity consists of two long radius or flat mirrors spaced by

T cm. The LiNb03 oscillator erystal wa; held ih a copper block at room

temperature. No attempt was made to stabilize the crystal temperature snd

" gmall variations in oscillator wavelength with changes in room temperature



-

. oc#urred. For these initial experiments these variations were not a problem
_h‘ui'. foi.- long term st_.ab:.lity an oven stabilized to .1 C will be requlred.
Figure 2a shows the calculated tuning éurve for the I.:'Ll‘i‘bo3 parametric

' _ escillator using Hobdens gnd Warner's index of refraction reiations.lB ~Also

- plotted are the measured data points. The triangular points were taken with
2 2 m high reflector input mirror and a flat 4 output coupler. These were
- standard mirror coa?:.ings centeréd. at 1.8 um. The single circle ﬁata point
et 1.} pm was taken with standard 1.32 um Nti:YAG laser optics consisting of
@& high reflector flat input mirror.and a flat 104 éutﬁut coupler. The
- oscillator tuned contimicusly ovei- the entire range. Tuning of the oscillator
beyond the L.} pum point was limited by the inability to reach threshold due.
to increasing infrared a‘bsorption of the idler wave. The oscillator threshold,

5

' measured. near 1.9 um was &4 m,j correspondlng to L.5 X 10 watts of pump power.

The measured gain bandndth vara.ed from 3 cm -1 near 1.5 um to 23 cm-l near

. degenerac’y.

Because of the large double refractlon in LiNbO, at the 1;"{0 crystal angle,

: 3
a large pump beam spot size is needed to reduce the eéffect of pump beam walk-

off on parametric gain. An estimaste of the pump beam spc'f’c. size can be obtained

‘ "usingn"

1l
-/

_3‘= v 2x

P . (1)

where p is the double refraction angle. For a 5 cm LiNb03 crystal at 1#70

with = 0.0} radiens, = 800 p . Using higher power lasers and maintaining

W
3
constant intensity the spot size increases such that the parametric gain

approaches the plane wave limit given byJ'5

G = Sinh® re (2)



'-'w-here O _— .
2 2 wapld " By

) n1p2h3€oc3 'AB 2

*

and £ is the crystal length and A3 = 5 w?/a . At degenéracy we have
G P MW
. 1-2 = 2.3 X 10e 3 (—2) em 2
A - A cm
Thus for pumping near the dmmage 1ntensity threshold of 80 MW/cm wzth large

spot size beams, single pass gzins of G = 1/k T - 1,17 % 10° are possible

in 5 cm crystals. These gains are apprcximately that required for superradiant

' operation.and 111ustrate the hzgh galns 90531b1e in parametric devices.

An important aspect of using a large spot size to pump a parametrlc

oscillator that is often overlooked is the ability to use tilted etalens

inside the oscillator cavity with low insertion loss. For a tilted etalon

the insertion Ioss is given by}s

o R (mm)z | | '
L= . ) ll.
(1- R)2 aw *)

where o is the tilt angle, d the etalon thickness, R the etalon reflectivity,

and w the beam radius. The requirement for large spot sizes at the resonated
wave is apparent. Figure 2b shows the spectral output of the oscillator with

'@ 2 mm thick, finesse of fen etalon inside the oscillator cavity. The line-
width of the individual etalon modes is less than 0.1 cmfl and is not resolved
by the épectrometer. By scanning the etalon angle we tuned an individual meode
over many free spectral ranges without increasing the cavity loss. The amplitude
envelope of the etalon modes is determined by gain linewidth of the parametric
oscillator.

- 10 -



Figure 3 demonstrates the oscillator output stability. Figure 3a’
ahdws that the peak-to-peak fluctuaticn of che total oscillator output
over a five minute period is less than 3% as monitored by an Eppley
,thermcpile with a onc second time constant. buring this measgrement the
oscillctor opefcted at 5 pps with 1 mJ per ﬁulse.output energy. Figure 3b
shocs 1000 consecutive output pulses at 20 pps. The oscillator cperated
7 mW average power with a peak to peak stability of 3¢. Since the InSb
detector did cot resolve the‘20 nsec pulse, the oscilloscope trace'is a
‘measure of output energy'stability with 2 1 psec time constant.

In conclusion, we have demonstrated a widely ﬁunabie infrared source
that can be rapidly and conveniently angle cuned over the entire 1.4 pm to
4.4 pm range. It is significant that the source requifcs only one set of
cptics_and a single ;imboa crystal to.tune the entirc range. Conversiop
efficiencies of 154 and operating stabi;ity of better than 3¢ have been
observed. The ayailability of,lafge 15 mm diameter b& 5 cm long, 17° cut
I.inbo3 crystals allows operation of the oseillator at up to 2F of 1.06 pum input
pulse energy. The large oscillator mode radius allows the use of a tilted
"ctalon for line narrowing without significant reduction of outpuf power.

.Finaily, it should be noted that the oscillator covers more than one
-octave of tuning range so that its'frequency can be extended.into the visible
cnd ultraviolet by secend harmonic generation in LiNb03 and LiIO3 and still
maintain complete spectral coverage. Frequency extension into the infrared
is most easily done by mixing the signzl and idler waves in semiconductor non-
linear crystals such as Ag6383217 and CdSe18 which phasematch over a 3 um to
18 pm and 10 pm to 25 pm range. The high output power of the LiNbO3 tunable

gource insures that the nonlinear doubling and mixing steps will proceed with

good efficiency.

- 11 =
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2.

 FIGURE CAPTIONS °

a) .Sche.matic of experimental arrangement showing the electro-optic
Q~switched 1.06 pm Nd: YAG laser and LiNbOB parametric oscillator.

b) TFhotograph of the singly resonant ]:,i.lin'.vcl}3 parametrie oseillator

" with a 1 em by 5 em crystal within the oseillator cavity.

a) Calculated parametric oseillator tuning curve and accurately

measured wavelength .vs crystal angle points. The entire tuning

 range to the circles was continuously scanned using a single

15 mm X 5 em oscillator crystal.

b) Spectral ocutput of the oscillator with a tilted etalon. The

. linewidth of individusl etalon modes is less than 0.1 cm = and is
not resolved by the spectrometer. The amplitude of the etalon modes

_shows the gain envelope of the parametric oscillator.

a2)- Average output stability of the oscillator operating.at 5 pps,
1 mJ/pulse for five minutes with an Eppley thermopile,

b) Peak to peak stability showing 1000 pulses at 20 pps. The average

" and peak output fluctuations are less than 3.

- I% -
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REMOTE AIR POLLUTION MEASUREMENT

by

Robert L. Byer
Professor of Applied Physics
Stanford University

KR@W A»‘?««I 27,027%)
ABSTRACT | |

The.availability of high energy tunable laser sources has extended

the péssibilities for remote air pollution messurement. This paper presents
a discﬁssion and compsrison of the Raman method, the rescnance and fluorescence
backscatter method,'long path sbsorption methods and the differential absorption
method. A compaiison of the above remote detection méthods shows that the
sbgorption methods offer the most sensitivity st the least required transmitted
ener"gv. Topographical absorption provides the edvsntage of a single ended
measurement, and differentisl absorption offers the additional sdvantage of a
fully depth resolved sbsorption measurement. Recent experimental resulis
confirming the range and sensitivity of the methods are présented.

. Future widespread use of remote pollution monitoring will probably be
limited to the infrared to interasct with molecular spectral bands and to

meet eye safety requirements.

e~



REMOTE AIR POLLUTION MEASUREMENT

Y. INTRODUCTION
A number of review articles on air pollution measurements have already

been p_u‘t:vlisl-:ed.J"'6

However, recent advances in 'tunable laser technology
" coupled with experimental verification of remote seﬁsing.methods bring remote
pollution measurements very close to a practical state. This paper reviews
the field of remote pollution measurement and indicates the requifements for.
tunable laser trensmitiers.
The adverse effects of polluted air on human health is well established

and an estimation of the cost savings for human health alone in the United
- States is over one billion dollars for a 50% air.pollutant reduction.| The
Eg;ironmental Protection Agency has established maximum pollutsnt levels and
goals for future redugtion in pollutant levels. To meet these standards,
accurate sensitive measurement methods must be established. .Major pollutants
‘of interest include ozone, nitrogen oxides, carbon monoxide, sulfer dloxide

and hydrocarbon compounds. These pollutant'molecules are presenﬁ in ufban’
atmqspheres in concentrations from .0l ppm to over 10 ppm.8 Remote pollutant °
measurement methods must have measurement sersitivities in this range if they

are to be useful for atmospheric monitoring. In addition, the detection methods
mus£ be capable of monitoring molecular vapors. Both Raman scattering and
jnfrared sbsorption on molecular vibration bands sstisfy this last requirement.
The detection sensitivity inherent in absorption and the regard for eye sofety

requirements probably limit future remote pollution detection methods to the

infrared spectral region.

- 22~



A. Historicai Overview
_Historically lasers were first used in radar type remote sensing
applications. The acronyn LIDAR for Light Detection and Ranging was

applied to laser ranging systems. In 1963 Fiocco and Smullin9 recorded

backscattered echoes from'tﬁrbidity in the upper atmosphere and Ligdalo
measured vackscatter from the molecular atmosyhére and haze. Since that

early work considerable effort has gone into LIDAR development and applications.
Thg remofe pellutant detection methods considered in-this paper are an extension
of LIﬁAR and therefore work in LIDAR and its applications are of interest.

Early rgviews and discussions of LIDAR are given by Inaba, Kobayashi and

12 .
IchimurallJ Collis , Kent and W'rightl3 and Collis.lh More recent reviews

including discussions of the wide ranging applications of LIDAR are given by
16 17

: . 2 ' 1 :
~ Derr and Little , Strauch and Cohen 2 s Collis and Uthe™ , Allen and Evans™' ,

thl;B and Collis and Russel.19 The field has grown rapidly snd has laid much
of the ground work for remote pollution detection methods.

Using the then available fixed frequency laser sources Ramsn scattering

was first used toc detect molecular constituents of the atmosphere by Leonard20 3

5 '
_ Cooney 1 and Melfi et al.,22 Later Inaba and Kobaysh123 discussed pollutant

detection by Raman scatiering and presented experimental work showing the
detection of 502 and 002 molec:ules.el1L Remote detection 5y Raman scattering
has the édvantage of using a fixed frequency laser source wﬁich can operate
in the visible or violet spectral region where photomultiplier detectors are
available. Unfortunately, the molecular detection sensitivity possible by
remote Raman scattering is not adequate for trace contaminant measurements.
However, considerable effort has ‘gone into using Rrman scattering for monitoring

25 26,27

water vapor profiles - and major components of the atmosphere. Recently

o3 -



Inaba and Kobayshih reviewed.Laser-Raman Rrdar and its applications to remote
monitoring. Remote detection by Raman backgéattering is discussed in Section
II.

The availability of tunable laser sources opened additiOnal remote pollutent
detection possibilities.l They include long path absorption, detection of
. resonsnce fluorescence and differentisl sbsorption. The advantages of these
detection,methods is the increased molecular detection sensitivity due to the
large sbsorption and fluorescence cross sections. In eddition, absorpticn and

fluorescence methods can be used for the detection of both moleculsr and atomic

species.
Using multiple liné%laser sources Hanst and_Morre3128 and Snowman and

7'Gill@eister29'investigated the possibility of pollutant detection by long path
abéo;ption. The low required transmitted powers for long path absorption also

3

allows the use of tunable cw infréred diode laser sources gnd Raman spin flip
laser sources.30 In addition detection sensitivity can be improved by heterodyne
techniques.BlAlthough long path absorption pfovides the most sensitivity of any
nremdte detectionrméthod it has the disadvantéges of being double ended an& lacking
depth resolution. The first disadvantage can be overcome by-obtaining a return

signal from topographical targets but at an increase in required transmitter

power. Both disadvantages are overcome by the differential.absorption method

first discussed by Schotland32 and analyzed in detail by Measures and Pilon5

and Byer and Garbuny.33
The differential absorption method provides a fully depth resolved absorption

measurement of pollutent concentration vs range by using the molecular and Mie

particle scattering as & distributed reflector. The required transmitter rower,

- ol -



11

signal to noise ratio of the returned signal, and sensitivity of the differentiai
abosrption method is discuseed in detail in Section II. | .

The improvements in tunable laser sources has proceeded rapidly so teat
tunsble sources are now considered avallable‘for remote pollution measurements.
Without the use of %unah;e_}eser sources, remote air pollution detection 1s
Jimited to LIDAR and Laser-Raman methods neither ef which is adequate for the
meazurensnt of weakly concentrated molecular pollutants. Tunable laser sources
increase remote pollutant_meesurement possibilities to include resonance flﬁor-
escence and the absorption methods which d6 provide the capability of sensitive
remote detection. The importance of tunasble laser sources 1is evident in

discu581on of remote detection methods presented in Section II.

Table I lists remote pollutlon detection methods and provides an outline

of the measurement methods discussed in Section II.

B. AtﬁosPheric Parameters
"'fhe atmosphere attenuates a trensmitted optical besm by elastic and in-
elastic scattering and by absorption. GSome of the scattered light returns to
e_receiver to provide a signal from which etmeSPheric properties cen be determined.
In general an incident beam of intensity Io propagating through the stmosphere

is attenuated exponentially or

1.1 o & @)

where I 1is the transmitted intensity over a distance r and aA is the

atmospheric volume extinction coefficient which is composed of a sum of terms

Oy =% * Py * %ams ‘ - (@)



TABLE I

REMOTE ATR POLLUTION MEASUREMENT METHODS

ELASTIC SCATTERING

Reyleigh
Mie

IRELASTIC SCATTERING

Raman
Resonance flucrescence

Fluorescence

ABSORPTION

Long path - retroreflector
Long path - topographic target

Differential absorption
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" where ai 3 aMIE "and QﬁBS are the ﬁayleigh, Mie and absorption exﬁinﬁtion
coefficients. The Rayleigh extinction coefficient is due to molecular scattering
and can be calculated as a function of altitude for known atmospheric moleculaf
densities. Mie scattering is due to particulatgs and aerosols in the atmosphere
and is highly variable in both particulate size, wavelength and.particle distrib-
ution. For idéntical nolecules of density N , the volume extinction cﬁefficient
can be written in terms of a cross section @ = oN where o is the total cross
section (cm?) for the optical interaction with the molecule or particle. |

| In general the scattering of 1i5ht from molecular or particulate mstter is
not isotroPic. The cross section is then specifiéd by the differential eross
section o(f, ©) = g%’ where & is tﬁe scattering angle and @ is the polar-

-rization angle. Fcr isctropic scatiering the scattering cross sectlion per unit

so;id angle is do/d? = o/bx . For backscattering (8 = n) ﬁhe volume backscatter

coefficient. 8 = W (x) . |

. 2

For molecular Rayleigh scattering the differential cross section is

= — 75— (cos” 6 cos” o + sin” @) - (3)
aq 32 N :

where n is the refractive index, N the density and h. the wavelength. For —
unpolarized light the angular factor averaged over © reduces to (QOS2 € + 1)/2.
Finally, for backscattering (& = x) the Rayleigh backscatter coefficient is
uniquely related to the volume extinetion coefficient by

' Br = 2 Nop(x) o )
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80 that it is possible to determine N by Rayleigh backscattering.

In the ahbove discussionlthe Raman volume extinction coefficient has been
neglected since it is et leest en order of magnitude less than the Rayleigh
extinction coefficient. However, for reference and later use, the Raman

35,36

differential cross section on rescnance is given by

3

dopam B P @5 Tram X ram | (5)
a e

where @ end g are the laser and Stokes-frequencies, rRAM is the
helf width of the Raman line and X”RAM is the imaginary pert of the Raman
susceptibility. A list of Raman frequency shifts and cross sections iz given
by Inaba and Kobéyshi.lJr The differentisl Raman scattering cross section is
vapﬁrpximately 10730 cm?/sr for distomic molecules.

The lerge vseriation in size, demsity distribution and properties of
atmospheric =zerosols pfeclude an accurate calculstion of the Mie scattering
eross section. However, because of its importence in the differential sbsorption
method, it is useful to summarize the properties of light scattering from
'atmoépheric particuietes and zerosols. Scettering from particulstes is
cha;acterized by the size parameter o = 2xr/k where r 1s the particle radius.

The ratio of scattering cross section o(n,a) to geometric cross section is

LMY

= — 3 .

xr

For a uniform concentration of spherical particles the volume extinction

. 2 : : '
coefficient is Qe = 7T kM(n,a)Nx . The factor kM cen be calculated in
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teérms of an infinife séries aé first-obtéined by Mie.37 Mie
scattering has been treated by van de HUlst,38 Kerker39 and Born and
wa;;,”? and computer calculations have beeﬁ ;sed to investigate the detail
properties of Mie scattering.hl An example of the fapidly varying scattering |
emplitude a2s a function of « is given by Strauch and Cohen.15

In the atmosphere the particle sizes are diéfributeq and a funetional
dependence for the density dependence on radius N(r) is needed to evaluate

the total scattering. JungehE proposed the distribution d4&N(r) = C r-(v+l) ar

b3

for serosol distributions in the atmosphere with v~ 3. Elterman - has also
eveluated the distribution of atmospheric serosols. Fortunately, the complicated
integrals over particle size and angular paremeters necesssry to caléulate Mie
scattering cross sections, can be aveided by the use of empirical relationms.

'Fo? example, the visibility and average extinetion coefficient obéy the

retationtts43 |

V = const/ B

where V is the visibility and B8 is the aversge extinction coefficient over

the range.

A useful empirical relation relating the Mie backscatter coefficient to

visibility is given byhs .
0.585V
3.91 {0.55 -1
BMie v A km (6)

- -

where ) is in microns znd V is in kilometers. This expression is an

approximation and may not hold under unusual atmospheric conditions. However,

47,48

recent measurements have shown that Eq. (6) does not apply to Mie scattering.
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with laser sources but with increased variation in backscattered signai

compared to white'light sources.
- Extension of Eq.(6) into the infrared is gquestionable since the particulate
size distribution decreases fapidl&.for particle cizes greater than 1 to 2 um.

However,'the Mie backscatter coefficient has been recently calculated for

aerosols, fog and rain conditions for wavelengths out to 10 pm.h9’5o The

caleculations show that BMie varies approximately as R-E in the infrared

between 1 um 2nd 10 um reaching lO-‘L-L - 10-3 km-l at 10.6 pm. Recent measurements

using a COé laser source51 show that BMierv.lo-h km-l

caleulated values. For a more complete discussion of atmospheric scattering see

at 10.6 pym confirming the

Goody52 and Kondratyev.53

The final parameter in the atmoébherié volume extinction coefficient is
ébiorption. In the ultraviolet spectral region atmospheric absorption is not
serious for wavelengths longer than 2500 E'. Below 2500 3 absorpticn dﬁe te
atmospheric oxygen becomes important with an absorption coefficient reaching
1 km—l at 2450 g. The scattering contribution to the volume extinetion

coefficient in this region is alsc significant being between 1 km_l and 5 km-l

“for visibilities of 10 km 0 1 km.l

In the infrared absorption is thermajor contribution to the wolume

extinction coefficient. The atmospheric transmittance in the infrared has
been subject of a number of investigations.l’55’56‘Within the infrared atmospheric
windows the absorption loss over a 1 km pathlength is significant even undef

clear dey conditions. For example, for a 5 km visibility, a relative humidity

of T and an air temperature of 60°F, the absorption coefficients in the two
infrared windows 2.70 to 4.20 um and 4.40 to 6 um are approximately 0.4 and

-1 . . .
0.8 xm ©. The scattering coefficients are almost an order of magnitude less.
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From this discussion we concludé that the étéospheric volume extinction
coefficient is approximately 1-2 km‘; in the ultraviolet and visible and
0.5'km“1 in the infrared window regions. The magnitude of the extinction
coefficient sets a maximum remote sensing range for a horizontal path of less
then 10 km if éignificant transmitted bean sttenuation is to be avoided.

Two other proéerties of the atmosPhere.are important in femote sensing.
Théy are atmospheric seintillation and baciground signal levels during both
daytime and nightime operating conditions. A large smount of work has gone
towaré_thé characterization of‘atmOSPheric sﬁatial scintillation due to
tﬁrbulence.ljT For the propagaticn of laser beams through the atmosphere
spatial scintillation leads to beam distortion, displacement and angular
variations. Hansen and Madh ?8 have considered lzser beéms reflected from
8 retroreflector target and have shown that atmospheric phase fluctuations at
the retroreflector lead to angle scintillations of the beam, Dabberdt and
thnson59 have recentiy studied the wavelength dependence and saturation
characteristics of sPafial scintillation.59 As expected atmospheric scintillation
is less for infrared than for visible wavelengths.sl
- Temporal scintillation of the atmosphere is also important in remote

55

sensing. ©Previous work”” shows that temporal scintillation is constant to

near 20 Hz and then falls linearly to zero at near 200 Hz. For remote ranging -
with nanosecond pulses over microsecond round trip puise range times the
atmospher is essentially "frozen" and does not lead to pulse amplitude variations.
qu ew measurements or slow pulse repetition rate experiments, pulses must be
averagea to reduce the 1 - 65 scintillation modulation of the transmitted beam.-55

Increasing the receiver aperture-size also reduces the scintillation induced

modulsation.
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Atmosphefic background radiation is of concern in evaluetion detector'
sigral to noise and system receiving paraméters. Background radistion includes
elestic and inelastic backscattered radietion as well as natural background
radiation. Fere we assume that background signals from Rayleigh, Raman, Mie
snd fluorescence scattering can be estimated from previous discussions and
consider only that due to natural sources.

The background power at the receiving mirror, due to an extended source
filling the field of view, 1560 |

Py =T, ax QA BQ) (1)

where Tl is the atmospheric transmittance at A, A thg optical bandwidth

- of the detection systenm, {1, the receiving mirror field of view and B(\)

: thg}sPectral radiance of the background source. The spectral radiance of the

cle;r daytime sky peaks in the visible due to scattered solar light at a value
of approximately_lo-2 Wem 2 pm_; st . In the infrared the spectral radiance
- again peaks due té thermai radiatiou near 13 um at approximately 10“3 Wc:n_2

-1 -1 60

pm Below 3000 R the omone absorption layer in the upper atmosthere

screens the solar radiafion thus producing an effective night condition.

Eq. (7) shows that the backzround, signai is reduced by decregsing the field

of view, the acceptance bandwidth and the receiver area. For a shot noise
limited detector, such as a photomultiplier, the background power must be gept
1eés than the signal power to maintain sensitivity. However, for dark current
limited detectors such as infrared photodeﬁectors, the background power incident
on the detector can be greater than the signal power without degrading the .

sensitivity. The upper limit on the received background power is determined
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" by background fluctuations or detector saturation. The filtering of ﬁnwantéd
background radiation is thus much less of a problem for infrared remote sensing
than for visible sensing.

The finaliparameter of concern in remote sensing in the atmosphere is
the eye safety problem due to the ffansmission of high peak power laser beams.
Recently such concern has been quantified by the adoption of eye safety standards

. by the American National Standards Institute. The recommended eye safety
Maximum fErmissible Exposure (MPE) in the visible band, 0.4 pm to 0.694 um is
5 X 1077 J/cm?, inereasing linearly tol2.5 X 10-6 J/cm? at 1.06 um and maintaining
that level out to 1.4 um. In the infrared range 1.4 pum to 13 um the MPE is

/b

0.56t J/cm?, which yields 1% X 1075 J/cm2 for a pulse length t of 300 nseec.

In the ultravoilet the MPE varies from 2 X 10 ' J/cm2 at 0.310 pum to 3 X 1076
J/cp? at 0.26 ym to 1o'h J/cm? at 0.20 pm. Between 0.31 um and 0.40 um the
FEE.is 1073 J/cm?. |

_Thé very low MFE in the visible region rules ocut the use of high energy
pﬁlse laser sources for remote ﬁeasurement. Since all molecular absorption
lines in the inffared lie beyond 1.k um, eye safety standards can be easily met
by use of a small beam expanding telescope. Public safety and eye safefy
standards will become increasingly important as remote sensing measurements move

from the research stage to practical applications in the opeh environment,

II. MEAéUREMENT METHCDS ~ A COMPARATIVE ANALYSIS

A. General Formulaticn

The remote pollutant measurement methods are listed in Table I. In this
section a general formulzticn is presented for ﬁhe analysis of the sensitivity,

range, and S/N for the pollutant detection methods.
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The backscattered Signal from a target at range R is given by

T

- 0 A "R .
R A o _

where Pr and 'Pb are the received and transmitted powers, K 1s the optical
Bystem‘efficiency, A the area of the receiving telescope and (p/ﬁ) the
effective reflectivity of the remote target. The transmitted radiation inter-

acts with the pollutant molecules through the atmospheric volume extinction

coefficient aA. defined in-Eq. (2). Returned signals due to Raman, rescnant
fluorescence and fluérescence are included in the effective target reflectivity
P/ﬂ . The strength of the returned signals by the inelastic scattering processes
3s related to the scattering cross section for the process. The depth of the

atmosphere probed by backscatter methods is shown schematically in Fig. 1. The

sampled depth AR is given by

AR = = | (9)

where = ™ + 1 a* Tp is the sum of the laser pulse width, ,_ , the

detector integration time, and the molecular fluorescence time rp .

Td,

For Raman, ultraviolet f£luorescence and differential sbsorption measurements -

Tp is negligible and the sampled depth is set by either the laser pulse width

or the detector integration time. OQf course the particular sampled depth at

range R is determined by the standard Radar time of flight measurement.
Tayle IT lists the scattering and absorpticn cross sections for the

measurement processes of interest: It is readily apparent that absorption

-

and fluorescent cross sections are sbout ten orders of magnitude larger than
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REPRESENTATIVE CROSS SECTIONS

' TABLE II

Process ‘Cross Section Lifetime Scatterer Spectral Renge
dg , 2 (nec) (um)
& (o)
ELASTIC SCATTERING
' Rayleigh 10787 N, » 0, 0.20 ~ 1.0
Mie 1072L _ 1o2h particulates, 0.20 o 10
' aerosols e
INELASTIC SCATTERING .
Raman 10730 8ll molecules uv, visible
Resonance
fluorescence and
Fluorescence { _
uv, visible .'LO':U‘t - 10 ol 10_6 - 10'8 atoms,molecules uv, visible
IR 1038 . 10723 107t - 2070 molecules 2 - 20
ABSORFTION
uv, visible 107 . 10717 atoms, molecules| uv, visible
- 17 -2
IR 10 . 10 1 molecules 2~ 20




‘Raman scattering cross sections. This physical fact leads to the immediate'

conclusion that the most sensitive remote detection methods are by ebsorption.
Resonance fluorescence and fluorescence also have cross sections that are
nearly that of.absorption. However, for monitoring in thé troposphere-
quenching reduces the fluorescance.cfoss section. Quenching is not a problem

at high altitudes and remote monitoring by resonance fluorescence has a clear

‘advantage in that case.

We cen now return to Eq. (8) and consider the effective reflectivity
of the."target" for remote sensing. Table III lists the scattering process
and the corresponding effective reflectivity.

For ebsorption messurements with a remote sensor or retroreflector and

"a collimated transmitted beam, the range sguared dependence is effectively

cangelled. Thus 2ll of the transmitted power is collected except for a
collection efficiency factor g , which is near unity, and the effective

target reflect1v1ty is -orders of magnitude better than for a Lambertian

_scatterer. Lettlng p/n = K g/A in Eq. (8) reduces it to the form commonly

‘used to describe long path absorption. ' o B

For long path absorption by scattering from topographic targets, p s~ 1
for 21l infrared wavelengths and p ~ .1 for ultraviolet and visible wave-
1engths.55 Thus the effective target reflectivity is approximately l/n . PFor

single ended long path absorption measurements from topographic targets over

6

.. L -
‘kilometer ranges, 10 - 10 more transmitted power is required than for doubled

ended measurements using a remote detector or retroreflector. Since the reguired

power for double ended long peth absorption is less than one microwatt,l single
ended measurements can be made with milliwatt to watt laser sources. The

HeNe laser geodolite ranging systems are an example of single ended range
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TABLE III

EFFECTIVE REFLECTIVITY

Method {o/n) Megnitude
Long Path Absorption o [ 6
with Retroreflector BE% 1o - 10
Iong Path Absorption o/ 1/x
from Topographic Target .
Differential Absorptlén (?I) Byie 1o'h

2 Ly
Resonance Fluorescence - -
107 (1 ppm)

and Fluorescence

Raman

(uv and visible)

101 (1 ppu)

1077 (1 atm)
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- measurements by scattering from topographic targets.6l

Remote detection by backscattering involves the range resolution AR = %;
- a8 well as the baékscattering cross section.. For Mie backscattering the
returned power is independent of the pollutant cencentration and depends only |
on the Mie backscatter coefficient BMie . For rgsonance fluorescence and
Raman bgckscattering, the returned signal depends on the scattering cross
section and on.ﬁhe poliutant density. The dependence on pollutant density
reduces the returned signal for weak pollutant concentrations snd thus also
reduces the messurement S/N ratio which further effects the detection
sensitivity. For depth resolved pollutant_méasurements differential absorption
has the advantages of a relatively large_effective reflectivity which is
independent of pollufant concentration and the additioﬁal advantage of the
large absorption cross section which is not affected by quenching.
-'To compleﬁe the genefal‘formulation of remote pollutant detection we
" need to introduce detector parameters and evaluate the detector S/N ratio for
a given returﬁed power.. This procedure has been discussed previously,l{h’5’33
but a summary is useful here. ‘ : ' o

The voltage signal to noise ratio. for a detector is

it

),

S hv 2
N=pr/[hpr(n)¢f+21mp AT ) _(10)
where P} is the received signal power and Af 1is the amplifier bandwidth.
The first term in the denominator is due to the shot noise generated by the
signal itself. Here hv 1is the photon energy and 11 1is the detector quantum

efficiency. The second term in the denominator represents the noise of the
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detector‘;n fhe absence of the signal (dark current and background noise and
preemplifier noise characterized by the noise equivalent power NEP). A factor
of 2, added under the square root,takes account of the noise resulting from
two measurements required to determine the pollutant concentration. This rioise
is P§ = (Iﬁ)on'+ (Pﬁ)off where pn and off refer.tQ making the measurement on
resonance and off resonance of the characteristic line of the pollutant. Usually
gither thg first or the second term in the demoninator nee& to be considered.

For shot noise limited detection the dark current term in the denominator
can be:ngglected. For practical purposes this limit can be sttained with photo-
multipliers if all background radiation is adequately filtered. At a given

signel to noise ratio, the minimum detectable power from Eq. 10 is given by

. 2 '
Pi_lm(shot noise) > 1[»(%) F.(-I%-) Af - ()

vhere the factor F has been added (between 2 and 5) toracéoﬁnt for the partition
noise effect of the multiplier dynodes. Equation (11) gives the minimum deteétabla
power for current messurements.

Fhotomultipliers cﬁn also be used in the photon counting mode. For count

3

rates greater than spproximately 10 sec_l the photon counting method and current
detection method give equal sensitivities. However, for low count rates photon _.
counting offers én improvement in signal to noise ratig b& the factor F . Thus
fo; weak signals photon counting is preferréd while for more intensé.signals and
wide dynamic range the boxcar integration technique is more useful.ll

An important extension of the shot noise detection regime is heterodyne

detection. The nonlinear response of the photo-detéctor allows the generation

of a mixing frequency at the intermodulation frequency of the two applied light
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filelds. ‘The hetérodyne signal to noise ratio for detection at the IF frequency

) is

62 | .2
2 Wv(3) Af
T ﬁM1n(heterodyne) > S M (photoemitter reversed (128)
: T - 1 blased diode)
, .2
Lhv (ﬁ) Af ‘
> ————  (photoconductor
- 1 photovoltaic (12v)
diode)

where the extra factor of 2 for the photoconductor detector is due to
generation-recombination noise.

The required local oscillator éower is such that the shot ncise term in
the denominator of Eq. (10) equals the dark current or amplifier NEP term.
This conditicn can be written in a number of ways depending on the expressions
for -the NEP.63 Bbwever,if amplifier noise dominates and is expressed as an

equivalent noise temperature T, then

A
) (k T, ) v i}
PLO = —_2_T_ . (13)

T e G RL

where e is the electron chérge, G the deteétor gain and‘-RL the load
resistance.6h For'example, for an amplifier with noise temperature of th XK
(noise figure 2.k dB) and assuming 7 = 0.5, G = 0.12, RpL=500 and A =10 un
we obtain Pio = 12 mW . This is a rather high local oscillator power since it
may result in detection heating. However, wide band photodicde detectors with

- unit qpantum efficiency should requlre much less leOO H W)} local oscillator

pover to reach the quantum limit.
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Heterodyne detection offers extreme spatial filtering due to its antenna

' . 66
like properties and the short éptical wavelength involved. Siegman™ has

ghown that'the-effective aperture of a.heterodyne detector is AR QR': h2
where AR is the effective receiver aperture and QR fhg receiver solid anglé.
Thus in additian to orders of magnitude more sensitivity than dark current
limited detection, the heterodyne detector offers diffraction limited spatial

filtering against the incident background radiation.

A potentially useful form of heterodyme detection for remote monitoring

" is Infrared ﬁp—conversion in a nonlinear crystal. The noise power for an up-

efficiency ¢ onto a shot noise limited photomultiplier is 67

. . 2
. Y @) ar

. Pfln(up~conversion) - —_— (14 )
- ne |

LY

which is equivalent to the previocus expression for heterodyne detection by a

photoconductor. Using a cw argon ion laser at 1W power to pump a LiNbO

3

- érystal Smith znd Mahég were able to up-convert and detect 3 um radiaticn at

)i}

-1
a NEP of 10 W . Up-conversion offers wider acceptance bandwidth (~100 GHz)

‘compared to heterodyne mixing detection {~1GHz) and yet still maintains spatial

and spectral filtering.

The useful properties of heterodyne detection has led to the suggestion of _
remote detection of pollutants by monitoring thermal induced fluorescence from

3,6k,65 69,70

Menzies has evaluated the use of heterodyne detecticn

hot effluent gases.,
for remote monitoring and has recentlyBl demonstrated room temperature detection
of ozone, sulfer dioxide, ammonia and ethylene using a 002 laser as a locel

oscillator. .
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Heierodyne techniques can also be applied to improve the deéection
capabilities of any remote monitofing method. However, the cost and complications
of present tunable coherent sources has prevented the wide application éf hetero-
dyne detection.

For dark current or backgfound limited detection the minimum detectable

power evaluated from Eq. (10) is
Iﬂin(dark current) = NEP (%) J2AF - . ' (15)

This type of detector noise limitﬁgion applies, in particular, to photo-
conductors and ofher detectors used in ?he infrared. It is characteristic
for dark current limited detectors that they achieve,.for constant average
pover, a higher signal—to—noiée ratio with inereasing peak power in pulsed
opefatiOn.Tl

Detector performance is also expressed in terms of the detectivity D*
which is related to the NEP by D* = J£7ﬁEP where A 1is the detector area.

Typical values of D are 6 X lo12

cm Hié/w for room temperature silicon
.diodes, 3 X 10 em Hz%/w for 77°K operation of InAs (1 um - 3.3 pmj photo-
vqltaic detectors, 1.1 X lOll cm HZ%/W for TTOK InSb (1.5 pm - 5.5 pm) |
photovoltaic detectors,to 2 X 1010 cm Hz%/w for TTOK BngTe(E pm to 25 pm). —
detectoré. The rise time of these detectors is less than 100 nsec. Finally,
detector cosk vary from approximately $100 for silicon diodes tao $1,000 for
recently developed EzCdTe detectors. A complete manufacturers reference to

72

detectors is given in a recent trade journal issue.

In the above expressions for detector minimum detectable power, we have

assumed Af is the electronic bandwidth required to resclve a pulse. More
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specifically we take A&fr = 2 as the condition necessary to resolve a pulse
of width + . For pulsed genération the effective detector bandwidth decreases

with the number of averaged pulses n as Af/n .
We are ﬁow in a position to combine E4. (8) for the received power with

the expressions for minimum detectable power and‘solye for the detection para-
.meter .of interest -at specified values of the other variables. The parameters
~of interest are required transmitted energy vs range, S/H ratioc vs range

at a fixed energy, and minimum detectable pollutant concéntration relative to

one afmosPhere > 7 , at a given transmitted ;nergy and range. The above procedure
is carried out and the results are discussed for Raman scattering, flucrescence
backscattering, the'integrated.pathlahsérption methods, and for the differential
absorption method in the following sections. | .

LY

“B. Raman Method

Remote atmospheric menitoring by Réman backscattering was first demonstrated

in 1967 by Leonarde)The'early-work in Raman scattering including the detection

21,22,25 and SO2 and COIQEh was discussed in the intrecduction.

~Early remote pollutant detection work was limited to Ramsn scattering

of water vapor

because of the lack of high peak power tunable laser sources. The principle
adventsge of the Raman method is the use of a fixed frequency laser transmitter.
The other appsrent sdventaszes include operation in the visible or ultraviolet

and the use of photomultiplier detectors eand the detection of homo-nuclear

_ nolecules N2 and O2 in addition to cther molecules of interest. On the other
hand, the disadvantages of remote detection by Ramen scattering include very

small Raﬁaﬁ-scattering cross sections and therefore lack of sensitivity, cﬁeration

in the visible with high energy laser sources and the resultant eye safety problem,
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and simultaneous excitation of the Raman sca?tering of gll molecules present
thus requiring a spectrometer filter to adequately isolate the Raman signal
of interest. Of these disadvantages, it is the lack of sensitivity that has
forced thinking sbout improveéents of the Raman method and the remote detection
- of pollutants by other methods. |

. Anlinteresting beﬁefit of the remote Ramanidetection work has been the
measurement of absblute Roman cross sections of gases. Inaba and Kobaysi
provide a table of mezsured Raman cross sections in their review paper.

73

However, additional measurements are still being made as evidenced by a very
recent sbsolute Raman cross section measurement of Né?h
To evaluate the sensitivity and required transmitted energy for the Ramen

method we substitute the expression for the minimum detectable power for a shot

.“noige limited photomultiplier given by Eq.(11) into Eq. (8) and replece  (p/x)

' Yopau f ot

in Eq. (8) vy %~ | as given in Table III. Solving for the transmitted
Ly . '

power we find

_ - e 2 B R .
Py =% vy r () ar — — exp|?2 f a,(r) ar (16)
m N _ NJRAM Te A 0 AT

wpere the terms iﬁ the brackets give the detector minimum de£ectable power Eﬁi?
for a shot noise limited detector. For shot noise limitéd detection the_highes%'
average ﬁower is of interest. However, for depth resolutioﬁ and to remain in
the shot noise limited detection range, pulsed laser sources are usually used.
" Multiplying Eg. (16) by -7, the.required transmitted energy of pulse width 1

is given by 5
) Ly 1 R
— — exp

No 4R A

RAM
R
D
f C!A(r) dr
0

2

1 v S |

a7)
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As an example, we consider the Raman detection of CQ at 0.347 pm, the
doubled Ruby laser output wavelength. At this wavelength (dc/dQ)Co =
o L :
3.6 X 10 30 cme. We let the atmospheric volume extinction coefficient be 2

constant 1 km-l corresponding to a visibiii%y of approximately 5 km, and assume

a photomultiplier detector with F = 4 apd a 20 MHz bandwidth required to

resolve a 100 nsec pulse. For a 1J , 100 nsec transmitted pulse and a

1000 cm2 area receiving telescope st X = .1 we find the minimum detectable
pollutant concentration wvs range shown in Fig. 2. Also shown in Fig. 2 are the
peak snd average CO levels for urban atmospheres.,

It is resdily apparent that the Raman method does not have the sensitivity
required for ambient pollutant concentration measﬁrements. However, the Ramzn

method does have adequate sensitivity to monitor - N, , 0 and H,0.to a few

- kilometer range.

' Using & nitrogen laser operating st 3371 3 at 20 kW peak power 10 ns half-

width at 50 pps, Kobayasi and Inaba” have detected Reman signals from clear

air and from an oil smoke plume. The receiving system consisted of a 30 cm

diameter telescope followed by an f 8.5 half meter grating monochromastor and sﬁectfe

-interference filter. The signal was detected by a photomultiplier and boxcar

integrator sampling circuitry snd displayed on an X-Y recorder. Figure 3a

shows the return from ordinary air at 30 m range. The N, and O,, O &nd S -

as well as Q branches are evident. Also evident is the strong Rayleigh and
Mie backscattiered signal which must be suppressed for Raman measurements bub
which is very useful in the differential absorption method considered later.

Figure 3b illustrates the Reman return from oil smoke. Here the N, and

0, peaks provide a calibration for the other molecular return signals of interest.
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. However,'theISPectral width and intensity of the O snd S branches tend to
interfer with the Ramsn signsl of the more weakly concentrated smoke plume
constituents. Also indicated is.the fluoréscénce return which may be & useful
signal for some remote monitoring applications discussed in the following
section. B

The use of a photomultipiier detector, and the intense Rayleigh and Mie
- backecattered signal compared to the Reman signal presents significant filtering
problems against background signsl. The requirements fof tackground filtering
were discussed by Kildal and Byer1 who showed that the background signal must be
less than the Raman signal if sensitivity is to be maintained. This requirement
forces the consideration of gresting monochromators and interference spike filters
- in the receiving syﬁtem thus sdding complications snd lowering its opticél
ef{iciency. Recently, Coone_y76 proposed a differential Reman measurement using

N, and 02 as e reference to eliminste the common background snd allow daytime

2
operation.
Progress ih laser sources has led to improvement in Raman detection systems.
‘For éxample Hirschfeld et al.,TT describe s frequency doubled Ruby laser trans-
mitter with a 3 m receiving agerture telescope system which hss been uséd in
‘ihe field to detect co, , Héo and SOE- over a 200 m range. The 2J, 2pps Ruby
1a§er source was doubled in KDP with 8% efficiency and the returned signal was
processed by photoﬁ counting techniques referenced against the nitrogen signsl
in & differential manner. Range gating provided a 10 m depth resolution. This
Raman detection system probsbly represents the state of the art for sensitivity
and range.78
Recéntly Raman scattering hasg been ﬁsed to vertically probe the atmosphere

to & height of up to 6 km. The Ramsn-laser system is described by Kent et al.,79

and the measurements and probably extension to 40 km height is discussed by

. 80
Garvey and Kent. The applicstion of Raman scattering return from N, for
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0

order susceptibility in EZg. (5) is

temperatgre measurements has bean considered by Strauch et al.26 Expefiméntal
results over a 30.5 m range at a 5 m depth refolution confirmed the Remap back-
scatter vs temperature correlationrand indicated s differentisl temperature
sensitivity near 3°.

Despite the above success of the Raman method, its lack of sensitivity
has severely limited its application to ambient ppllutan£ monitoring. A
number of suggestions have been made to improve the Raman-sensitivity. They
include usiﬁg resonance to enhance the Raman cross Sectioﬁ, using interferometric
methods to improve recei#gr entendue and 2pplying four wave Raman ﬁixing to
generaté a coherent anti-Stokes signal with high efficiency.

Resonance Reman scattering has achieved considerable recent attention
due to the potential of improving the Raman cross section by tuning the probing

lagser radiation near an electronic resonance. The general form of the third

81

‘.

1

(3) 4 - |
oy = Moy -y - + 1Ty -y - @)

X (18)

whére o, and.mb are‘electronic freguencies and wp is the Raman'freqﬁency.

As o, the exciting frequency ,approaches an electronic resoﬁance @, s X(B?

is resonantly enhanced. The enhanced Raman cross section still falls well short
of the on resonance fluorescence cross sectioh.l’82 Experimental work has

83 84-87

and molecules.

verified the theory for both atoms For remote detection

~ the tunable laser source required to achieve Raman resonance enhancement is

probably better utilized by tuning exactly on resonance and exciting resonance
fluorescence. In that case the fluorescence return, even if quenched, is still

about two orders of masgnitude greater than the resonance Raman return.l

= L7 -



The rotational Raman scatteringlcross sections are larger than the -
vibrational-rotational cross sections and iﬁterferometric filteriﬁg has bheen
proposed to take advantage of this to improve Raman sensitivities.s8 However,
the rotational lines of.most molecules lie within 100 cm—1 of the exciting line
and overlap interference is a severe problem. These reasons have prevented
realization of the expected improvement in sensitivity.ag'

A novel application of tuhable laser sources to Ramsn detection is
coherent anti;Stokes Raman spectroscopy by four wave mixing.al In this
coherent Raman scattering'prccess, a ﬁunable laser mixes with a pump laser
to generate a coherent laser-like anti-Stokes output beam. The Raman susceét-
ibility shows resonance when @ - @ - @ =0 according to Eq. {18) where
lah_ is the pump frequency, Wy the tunable frequency and ®p is the Raman
resonant frequency of the medium.

The coherent anti-Stokes beam is generated with a conversion efflciency

given by35 _ ‘ _
- Pl,) 2.77 x 1073
3 _ e 2 .
— - Wyl e T 19
P(ay, ) " A5 -

where N is the density, ¥” 1is given by Eq. (5) in terms of chAM/dQ ,

‘ RAM
£coh is the coherence length in em which in liquids is approximately

0.1 cm bubt in gases is near 100 cm, and Ii is the pump intensity in W/cmg.
Here N X%AM is the bulk Raman suscepti@i;ity in esu units (cma/erg) and

A is the anti-Stokes wavelength in em.

3
The adventages of four wave Raman mixing are the very high conversion
efficiencies to the snti-Stokes frequency, the spatially coherent output beam,

and the diserimination against background fluorescence. These advantages have



been éxperimentally verified inrliquids whéré up to 14 conversion efficiencies -
have been observed in senzene.90

Four wave Raman mixing has also been used to measure small gas concentrations
by Regnier and Taran.91 They used a Ruby laser pumped stimulated molecular
hydrogen Raman‘source mixing with the remaining Ruby light to measure gé
concentrations down to 100 ppn in nitrogén.' Below 100 ppm the background
third order susceptibility of N2 gave rise to a signal which interfered with
the wgakl H, anti-Stokes signsl. With presently avéilable high peak power
tunablerlasef sources foﬁr wave Raman mixing éhould provide a valuable
technique for the investigation of gases down to the ppm level. Although
the input beams must be focused in the medium, the spatially coherent output
‘beam can be remotely monitored thus providing a local pollutant monitoring
s&btem with a probe that is completely free from the volume of interest. Recenﬁ
-work has verified the important parameters of four wave Reman mixing in liquids

and gases, but more research is necessary to evaluate the remote detection

possibilities.

C. Rescnance and Fluorescence Scattering
" In 1969 Bowman et al.,92 used a tuned dye laser to detect sodium in the

]
upper atmosphere by rescnance backscattering. By 1970 regular measurement593’94

were being made of the sodium double layer at 90 km altitude. Since that time

95-98

observations of the scdium layer have been numercus
' 100

and recently they have
been extended to daytime99 and to potassium.
The use of resonance and fluorescence backscattering for probing the

troposphere has been limited. However, the method has been extensively analyzed

by Kildal and Byerl and recently by C.M. Penney et al.,lol

75

Resonance backscattering

5

has alsoc been discussed by Kobaysi and Inaba and by Messures snd Pilon.
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To evaluate the returned signal power due to resonance and éluorescence'
backscattering we proceed as before for thé i?aman method. However, we must
now ;:onsider the additional complication of 2 finite fluorescence lifet;.me
which both reduces the returned power and smears out the depth resolution.
An eicact analysis of the returned power for a finite fluorescence lifetime
was given by Kildal snd Byerl and is summarized here.

In 'general, the returned signal power is given by

' 1 C s() |
Pr(R) = KEOEUE —_— (n—)F-) A ®) (20)
T Tgp \Yp .Rmin

where ®p and w, are the fluorescence and transmitted frequencies, Op is

' the fluorescence cross section without quenching , Rmin is the range to the
beginning of the pollutant cloud. S(t) is a dimensionless integral with a

lﬁeak value of unity given by

e e F/2 dr | 1 2R
S(t):Rmin-—Ff “5{1-exp|-— - — .

T R T c
t-T_)/2 F :

_ ‘ p e P)/
| c(t-'rp)/2 iR
. exp[-aFN(R - Rmin)] + [l - exP(--rp/-rF) ;2- .
min

| (21)
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the

is the radiation decay time which is less than Tsp 3

T .
where F
sponteneous decay time, due to quenching and Tp is the laser pulse width.
The integral S(t) has been studied in detail and it is plotted vs time
for = ﬁﬁmberaof cases of inte:rest.l In general it reflects the increased

time over which fluorescence returns to the detector due to the finite

‘radiation decay time of the fluorescence. The fluorescence decay time leads

to a depth resolution given by Eq. (9) in which TF is the dominant term.

For ipfrared transitions the depth resolution varies between .15 km and 15 km

thus preventing depth reﬁolved measurements.' For visible and ultraviolet

transitions, quenching reduces the radiative lifetime to the order of nano-

seconds so that the depth resolution equals that for Raman scattering.

- For visible.and ultraviclet transitions, the integral 8(t) simplifies

tos

S(t - %) R ety exp[-cFN(R - Rmin)}
. 2 | R(3 -c TP/E)

If we let R>» ¢ TP/E which is the usual case of interest, then S(t)

_ reduces further to

c T,

; ' R
visible 13
S(ul’craw.rn’.olet)F3 Roin o B eXp ["2 -g aA(r)dr] {22}

- where we have incorporated the pump depletion due to absorption by the flucresecing

species exp -OFN(R - Rmin) into the total atmospheric extinction term

,

- R
exp [—2'- fdA(r)dr] .
0
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_ Substituting Eq. (22) into Eq. (20) gives for the power received at the

detector due to backscattered fluorescence .

: - .

A R |
Pi'(R) = KE, -F £ . E E . =5 exp [-2 S aA(r)dr] . (23)
bx Tap 2 ay, R 0

'If we note that o ABS = F/Q where Q 1is the Stern-Volmer quenching factortOF

col
 time which is approximately 10710 sec at atmospheric pressure, then Eq. (23)

1
qQ = - Tool
T 1 T
S 1 o+ _‘i&(_) . SP
1'!ccﬂ. z
with l/Z the probability of gquenching per collision and 7 the collision

caxi'-,be written in a form idehtical to that for Raman scattering except that

ORAM is replaced by % aBs q . Thus'
. No : cT A R '
P (R) = KP ABS Q. — e exp [—2 Ja (r)dr] (2k)
r 0 2 A
: ha 2 @y, R 0 .

: ' . p cr MABSQ'
. where the effective reflectivity (— equals (-— - for quenched back-
‘ 7t 2 Ln
scattering in agreement with Table III.
The two cases of interest in evaluating fluorescence backscatter are
Infrared backscatter from molecular vibrational-rotational transitions axid
visible or ultraviolet resonance and fluorescence backscatter from atoms and

electronic transitions of molecules. Fluorescence eross sections and quenching

factors have been listed and are not repeated here.l’?5
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Fof.the infrared case the power received at the detector given by Eg. {20)
is equated to the minimum detectable power for a derk current limited detector
given by Eq. (15) and the minimum pollution concentration is found as a function
of transmitted energy and range at a given set of parameters. In this case,
only a fraction, £ , of the total fluorescence band is monitored, for example,

a single vibrational-rotational line. The integral S(t) cannot be simplified
and must be evaluaﬁed. Figure 4 shows the result of an evaluation for CO 'at
.6 pm assumiﬁg an InSb detectér, a 100 mJ transmitted pulse and a S/N =1 .
The o%her parameters of interest are given in the-figure. The intégral s(t)
evaluaﬁes differently for thin and thick pollutant ;ayers. For a thin layer
the pump depletion due to zbsorption by the pollutant is negligible while for
a thick layer thé transmitted pump beam is totaliy deéleted within the layer.
Optically thick pollutant layers prevent depth resolved measurements cue to
transmitted pump deple£ion over a length &Rdepﬂ'” l/(UABSN) . The large
stomic and molecular electronic cross sections make optically thick pollutant
clouds a distinct possibility in the visible and ultraviclet. Measures and
Pilon5 present calculations showing the resonance deteection of optically thick
~layers and the resultant pump depletion and loss of depth resclution.

For the visible and ultraviolet case the power backscattered to the
detector is given by Eq. (2L). Equating the received power to the shot noise
limited minimum detectable power given by Eq. (11) giwves for the required
tfansmitted energy |

E_ = % [h(%”—) P(3 )2 Aﬂr] S = E; exp [e } O.'A(r)dr] (25)

. - . - - MABSQ 0

where f 1is the fraction of total fluorescence monitored, AR_= CT/Q is the

_ range resolution and the other quantities have been previously defined.
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Equation (25} is similaf to the pre}iously derived result for Raman scéttering
given by Eq. (17); except thaﬁ the required tfansmit?ed energy is reduced .
from the Raman case by the ratic URAM/fUABéQ- which is approximately 1072
for molecular pollutants and 10-8 -_10-10 _for atomic pollutants such as
sodium and mercury. Examples of detection sensitivities for electroniec
molecular transitions and atomic transitions are given by_Kildal-and Byer,

75 5

Kobaysi and Inaba and by Measures and Pilon.

103 utilized resonance fluofescence cf NO2

Receﬁtly Gelbachs et al.,
excited by an argon ion laser to detect Noa“locally with a sensiéifity of
one part per billion. The laser excitation was at L4388 ym  and the fluorescence
was monitored at 0.7 to 0.8 um . Local Los Angeles air, drawn through filters,
was monitored and N02 variationé measured over a few hourlperiod showed peak
'cﬁncentraticns near 0.1 ppm on smoggy days and 0.03 ppm on smog free days.
Fiifering the air was necessary to eliminate interfering fluorescence from
particulates in the air. |

The increased sensitivity‘of resonance and fluorescence ﬁackscattering
mekes it appear useful as a remote monitoring method compared to the Raman
mefhod. However, the requirement for a tunable laser, the lack of depth
resolution in the infrared, and the not precisely known fluofescence eross
section due to the unknown local gquenching faptor, severely limit the usefullneés
of resonant backscatter or flucrescent backscatter as a remote pollutant heasure-
ment meﬁhod in the troposphere. Finally, as will be shown later, the sensitivity
of the fluorescenﬁ backscatter methed is surpassed by that of the differential

absorption method which deoes not suffer from quenching or return signal strength

dependence on pollutant density ar cross section.
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An alternate approach to monitoring radilated fluorescence is to apply
the tunable coherent radiation to the detector to increase its sensitivity by
heteroqyne detection. Heterod&né detection was discusséd in Section IIA s0
here only an estimate of detection sensitivity is considered.

The sky Brightnessiiﬁ vatts m oHz lrad 2 due to thermal radiation with

emissivity € for a single polarizstion is

. | 1 ' "
B = (bv3/c?) ( ) . - (26)
. exp hu/kIB -1 )

The power received at the heterodyne detector is given by Eq. {7) with
A\ replaced by the I.F. bandvidth, B , and Q A = 22 for hetercdyne

detection66 so that ‘ . ‘
¢ hvB .
| - i 2 27)
B _ exp(hv/kTB) -1

where €3 is the background atmospheric emissivity.

The signal received from a pollutant cloud filling the field of view

at temperature TP is

i [t - exp(10 gt} hvB | (25)
r expr(hv/kTp) -1

where the emissivity of the pollutant gas is related to the absorptivity by

Kirchoff's law. The signal to noise for heterodyne detection of aﬁ emitting

Off)

pollutant cloud is found by setting (Pgn - P

- equal to the hetercdyne

minimum detectable power given by EqQ. {12b). The resulting voltage signal to

noise ratic squared is

”

(§)2 1 1 - exp(-No‘AESL) ) €n . (26)
N % 9
exp (hv/kTp) -1 exp (hv/kTB) -1
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~where T = 1/Af is the integration timé. Since the emissivity of the
. background is usually less than 1, the temperature of the pollutant ga;_
cen be less than the surrounding air and still be detected. _
. 'Figure S5a snd 5b show the sensitivity limits of heteroéyne detection

of Soaland COE: vs the IF bandwidth-integration fime product. The
detectable concentration is given as an equivalent absorption coefficient
where 10-2'atm cm is equivalent to 1 ppm km. Figure 5a shows the sensitivity
limits calculated by MénziesTo for 802 with a ﬁeasured absorption coefficient
of 0.58 atm * em L at room temperature using a 2018 1aser es the local
osciliator. Figure 5b. shows the calculated 'coe' detection sensitivity at
T = 450°K for 21l the mixing signal falling on the.detectér (solid line)

and for 207 faliing on the detector which corresponded to the experimental .

condition. The crosses indicate actuzal measured sensitivities.

\1 These resu;ts show that heterodyne detection is useful for remote
monitoring of hot effluent gases from concentrated sources. However, the
“éensitivity of thé hetefodyne.méthod ié'étill notladééu;te for dispersed
pellutant measurement and is not neérly as sensitive as absorption.methods

to be discussed in the following section.

D. Long Path Absorption Methods
Long path absorption for the detection of atmospheric pollutants using

104,105 However, the

laser socurces is an extension of well known methods.
laser souice with its spatial collimation, very high spectral resolutioﬁ and
high power offer significant ad#antages over previously used inccherent sources.
Closed path double ended long path absofption and 0pen.path sinéle ended long
path absorption using topographictl targets are discussed in this seetion.

These measurement methods provide the most sensitivity at the least required

transmitted power of zny of the remote detection methods.

- -



Remote air pollutsnt detection using laser sources was discussed as

early as 1967 by Jacobs and Snowman.106 Later H'anstes’lo7 described pollutant

detection using fixed freguency laser coincidences with absorbing lines. More

109,110

recently, Zaromb,l08 and Japanese workers described remote sensing by

laser sbsorption and Hodgeson et al.,111 considered advanced monitoriﬁg
techniques. Xildal and Byerl have given a detailed snalysis of the doubled
ended long path absorption method. The analysis was later extencded to the

single ended absorption method using topographical targets by Byer and

" Garbuny. >

Dotble ended long path absorption experiments have been carried out
> 112 :
using low power dicde lasers by Hinkley3’65 and using COE lasers by Snouman.

Recently an argon jon laser has been used to detect N 2.llh The topograrhical

single ended absofption method was first demonstrated by Hénningsen et al.,115
in the infrared using a paramétric tunable laser source. The parameters of
importance for long path absorption measurements and the detection sensitivity
are discussed in this section alcng with recent experimental results.

The long path resonance absorption method measures the.total integrated
pollutant concentrétion over the path. It has the advantages of increasing
sénsitivity with range, the largest interaction cross section which is not -

. modified by quenchinz, and the least required transmitted laser power. It

has the disadvantages of being double ended and of lacking depth resolution.

*
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3 The transmitted intensity at the detector follows from Eq. (8) if-we
. let (p/x) = RE/A , assume a round trip, and separate the beam attenuation due .

to pollutant absorption from the atmospheric attenuation. We then have

= R
! _ o P:n(R) = KB, exp --2.{)' GABSN(R') dR'] .
, . - R
- exp -EfGA(R"-) dR'] _ (30)
_ L 0 . ‘

where N(R’) is the pollutant density over the ramge R and we assume that
the transmitted intensity is less than the absorption saturation intensity.
The returned power for the pump fraqueﬁcy tuned off the absorbing

‘ transition is

- : . R ,
| N . szf.__ KE_ exp[-E ,{;O!A(R.) dR"] (31)

. 80 that the intégrated pollutaﬁt concentration is determined by the log

ratio of the on and off returned power as .

R 1 Poff
r
2 _g N(R/ )dR’ = -_o———- £n ~on . (32)
ABS r

Assuming that it is possible to measure a 1§ change in transmitted power
when tuned on and off the absorbing line, the minimum integrated density is
given by

e, - 2 "
2 N(R') dar = e
- 0 min 9 pRS (33)

-
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Table IV lists represeﬁtative absorption cross séctiéns for molecﬁles
and atoms and gives the minimum detectable pollutant concentration for an |
absorption lquth R of 100 meters. Since thé absorption éross sections
are the largest of the Raman, resonance or fluorescence cross sections
these sensitivity limits are the best obtainable by optical means. Thus
there is a physical limitation for pollutant defection that leads to a depth

resolutionrsensitivity trade off. Fortunately, is large enough that an

9 ABS

absorption distance of 100 m allows ambient pollutant levels to be measured
to less than 20 ppb. -

The absorption Sensitivity can be improved by measuring less than a 14
signal power change. - The allowed measurement.accuracy is discussed by Kildal
and Byerl and by Byer and‘Garbuny.33 These authors show that to deteect a
0.)¢ change in intensity'witﬁ an InSb detector requires only lO-T watts of
incident power at the detector. There is an optimum wvalue of shsorption cross

_section given by .copt.N = 2.22 and Uopt N = 1.11 for shot noise and dark

current limited detection. 1In addition, the signal to noise ratic required

to achieve a measurement accuracy Ax/x is
/% = ax/x (1)

where x = 2 NUABS‘

‘Other parameters which affect the measurement sccuracy and limit the

detection sensitivity are stmospheric turbulence and laser power fluctuations.

For cw measurements the atmospheric turbulence is a significant limitation
for ch0pplng rates on an off resonance of ‘less than 200 cps. Since the signal to

noise ratio improves with higher peak power for dark current limited detectors, the

use of Q-switched or pulsed laser sources is advantsgeous. The laser power
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TABLE - IV

"Minimum Measurable Concentration for an Absorption Length of 100 Meters

co | wo, TS0, | Cgty Na Hg
| Aum)- 8.1 4 .29 .29 5896 | 2537
8 @bSien?’) | L8 x 107 2.8xl0;|9 -3._4xI0'|9 13x1078 | a8xi07P| sexw |
|niiz) 200 e3x” x| sxie® | 29x0™) 7 xi0H




fluctuations can be reduced by careful engineering or by ratio ncsrmalizati_on
of each laser pulse. The ultimate accuracy'a.chievéd by thes;e steps is A
detefmined by the dynamic range and linearity of the detector. However
0.1d ratio accuracy is routinely achieved.

The required transmitted power st a given signal to nolse ratio for -

measurement of a pollutant concentration has been shown to 'ma33
.
. (I_Si’) =..x (ngf/PN ) (shot noise}
: x <1
-N‘oi ) - x (Piff/ Py ) (dark current)
s ofr,_ \?
¥ - (Pr /Py ) (shot noise)
b : x >1
‘s, % = .33 (Piff/ PN) (dark current)

(35)

where PN is given by Eq. (11) for the shot noise limited detection and by

BEg. (15) for the dark current limited detector with §/N = 1.
For molecules X varies between .1 and 1 for R = 100 meters at a
concentration of 1 ppm. For atoms x varies between 10 and 300 for

R = 100 meters a%t a concentration ¢f 1 ppm, Assuming x > 1, for the detection

of CO at 4.7 pm with an InSb detector, the required transmitted power from

Ec;ls. (31) and (35) is

3
|

' R
o = % (Eqs“) By exp [2 {;-O!A(R’) dR"]

I

3 S o VB [2} () a]
3 P f exp 0 ) dr’ '
K N 0 A . (36)
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For en NEP = .3 x 10 W/Hz° , K = .1 & bandwidth of 1 MHz , g = 100
which implies a 14 detection sensitivity, and assuming Q, ~ 1 km-l , the

reqﬁired peak traﬁsmitted powef for a 1 km fange is Pb = i mﬁ in a
2 psec pulse. This is well within the range of e¢w and pulsed infrared lasers
and dicde laseré.

Wé can invert the above procedure and zsk what is the maximum range for
8 1 kW peak power laser source. For o, = 1km " we find R = 16 km at
a (g) = 100 . Beyond that range the signal to noise ratio decreases reaching
unity at 20 km. |

These examples show the advantaées of long path absorption neasurements
which include low required transmitted power, long ranges and of course good
sensitivity. However, in some situations the requirement for a double ended
system is not possible to meet. In those cases the single ended topegraphical
gbhsorption technique is an altergative measurement method. |
However, if the transmitter is tunable, then it is possible to sample the opticzl
path for absorption from specific pollutant molecules. The measured integreted
density is again given by BEx4. (33) for a 14 méasured intensity change. ' Table
IiI again gives the detection sensitivities for a 100 m path.

The advantage of absorption measurements using topographical targets is
the single ended mgasuremenﬁ with the sensitivity of the closed path absorptionﬂ;
method. The disadvantage is the requirement for increased transmitted power.

| To find.the required transmitted energy for absorption using topographical
targets we must consider the measurement procedure carefully since pump depletion

due to the pollutant itself may be important.33
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The power received off resonance is given by Eq. (8) with an effective

reflectivity (p/x) , thus

p A o
- off . -
PO = [(-—) K P, —2] exp - (2 . R) (37)
Vgt R S
where asc = CZR + am is the atmospheric extinction coefficient given by

Eq. (2) without the sbsorption term. If we assume that the atmosphere may
itself contain the pollutant gas in a normal concentration NA which is less
than the pollutant concentration Np , then the power received on rescnance is

given by
IR | A hl 2R [ +N, o
r - » o g2 =Xp [ sc A _UABS]

i L
* exp [—2 UABS{ .g NP(R') d_R:] -
3

vhere L 1is the .extent. of the pollutant cloud. The difference in the power
. received off resonance and on resonance found by combining Eq. (37) and Eg. (38)
_is

off on off :
P -P = E l 1-exp[-2 NAR+HPL]GABS_] _ (39)' _

. This difference must be measured relative to the power received at the detector

but attenuated by the normally present concentration of gas in the atmosphere

given by
- off on off] . )
ook normal ~ PI‘ [ T '[-2 NAR] c,ABS] ) (40)

A .
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For a measurement of the pollutant concentration the difference between
Eqa. (39) and Eq. (40) must equal the noise power given by Eq. (15) at a

| glven signal to noise ratio, or

off ‘ - ~ n
F, exp[-2 N,R UABS] 1 - exp[-2 NPL qABS]l = Pﬁl

= NEP (E)J:&Tf | .
) (41)

ieis

Substituting for Pﬁ from EQ. (37) and solving for the required transmitted

power Pb gives

2
R exp 2o + N, o 1R
P - [NEP (_1%) %f][ 2] sc A “ABS . )
pKA 1 - exp(fE FPP GABS)

Finally multiplying the above result by =+ and setting Afr = 2 yields for
the required tranmsmitted pulse energy
o IR '

2
x R exp 2[cxS + N
- 4P - -
| A 1 - exp(-2 NPL UABS)

a result first derived by Byer and Garbﬁny.33 The required t?aﬁsmitted energy
varies as Jh;-as expected for a dark current limit detector. It also increase;TA
with range due to the Lambertian scaitering properties of.the topographical
reflector with reflectivity p inte 2~ stearadians.

Equation (42) gives the required transmitted energy assuming thst the

pollutaﬂt of interest is also normally present in the atmosphere. The eguation

simplifies considerably for most pollutants which are normally not present in
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‘the atmosPhére; For this case, the term exp(2 NA I ABS R) approaches unity.
Finslly, if the pollutant cloud itself is optically thin,‘then the denominator

of Eq. (42) reduces to ENPP o . In the limit of a very tenuous pollutant

ABS
¢loud the reduced value of ENPL % AmS leads to & higher required transmitted
energy. Thus we expect that there must be an optimum absorption cross section
for a given pollutant density and cloud thickness.

Byer end Garbuny have investigated the optimization of o for the minimum

required transmitted energy. Setting dEo/do = 0 in Eg. (42) leads to

g

- jn(l + q)/2 N L | : (43)

min

where q = NbL/NAR ; If 7Ni}.<'< N,R , .a situation that may hold‘for co
detection, then o . = 1/2 N,R . In other words at the optimum value of g,
ER:Equals the e_l depletion length. For exemple, CO normally present
in the atmosphere at 0.2 ppm concentratiocn, requires at exact resonance -

MAX

measurement over a 5 km range.

C =0 a transmitted laser energy 103 larger than for o = O I for

~As an example of long path absorption measurement we consider the detection
of €O at 4.7 pm using both long path absorption methods. Consider first the

required transmitted energzy for topographical target scattering given by Eq.'(ha)J

- L
. We assume an InSb detection with an NEP = .3 X 10 13 W/Hz? , 'a 100 nsec pulse,
315 km visibility, a 1000 em~ area receiver and K =.1. For 9 = 0.5 and
S/N =1 for a single pulse we find the required energy vs range shown in

Fig. 6. Here o implies tuning exactly on resonance and o implies

Max
tuning off resonance to satisfy Egq. (43). Here we have assumed that the natural
116

MIN

CO sbundance between 0.15 - 0.5 ppm (winter) and 0.3 to 3.0 ppm (summer)
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' leads to an absorption of 0.96 km

l. Figufe 6 clearly shows the advantage

gained by optimizing the absorption eross section. Figure 6 assumes a CO

concentration of 20 ppm over a length of 100 m in the path. For this case

A
mitted energies of 20 mJ backscattered absorption measurements are possible

NR< < NbL up to a rangé of 10 km. Finally, Fig. 6 shows that for trans-

for ranges up to 10 km. TFor most cases in urban areas, a 10 km range is more
than adeqpéte, and fhe single ended advantage of the topographical absorptién
measurement may offset the disadvantage of higher required laser power.

An alternate way to'compare the long path absorption measurement methods
is to consider the minimum detectable pollutant concentration vs range.
Figure 7 shows the result for the detection of S50, ,'NO2 , and CO at the

transmitted powers indicated. The methods have comparable sensitivities out

to-a range where the S/N for the topographical detection begins to fall due

to lack of returned signal. Here a S/N ratio of 100 is assumed which éllows '
intensity chenges to'lé to be measured. The 100 mJ transmitted energy could

be in a single pulse or equivalently in 100 averaged pulses of 10 mJ energy

each., Figure 7 illustrates the very high sensitivity of the long path absorption

methods and indicates the increase in transmitted power necessary to gain

" the advantage of a single ended absorption measurement.

The long path absorptién methods have been confirmed by experimental
mgasurements.ll3 Using diode lasers, Hinkley3’65’ll7'has measured CEHA in
automobile exhaust loecslly and over a parking lot area with a retroreflector
return. Recently a dlode laser system has been constructed for the monitoring
of 5025 stack emissions. The operation of diode lasers at temperatures near
77°K promises to extend considerably their applications to remote monitoring

by absorption.
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The toPOgraphicai absorption method was récently experimentélly
demonstrated by Henningsen et al.115 They.uged g 20 pJ , 2.1 um parametric
osc}llator source to remotely detect CO by topographical backscattering
.over a 107 m range. Figure 8a shows the CO overtone spectrum taken in
the 1aboratory_with the LiNbO3 tunable parametric laser source. Figure 8b
shows two rotation lines of CO taken over thellOT m path. The measurement
~ was not made differentially but by a continuous scan over a few minutes time.
Even so,‘atmosPheric scintillation did not reduce the signal to neise signif-
icantly. The measured (€O detection sensitivity, S/N , &and range confirmed
the theoretical results given by Eg. (42). Of course more extensive experi-

mental studies need to be made, but the work to date has illustrated the

usefullness of the long path absorption methods.

E. Differential Absorption
’ The @ifferential absorption method overcomes the ﬁain disadvantage of
the long path absorption methods - lack of depth resolution. "By monitﬁring
radiation backscattered from distributed Reyleigh and Mie particulate scattering,
and tuning the transmitted wavelength on and off an absorption line of the
pollutant molecule, depth resolved absorption messurements can be made with a

depth resoclution 07/2 as shown in Fig. 1. The differential absorption method

thus combines in an optimum way the depth reéolution advantages of the Raman

method with the very large absorption cross sections and resultant high

sensitivity of the absorption methods. 1In this section the required transmitted
energy, the signal to noise ratio and the sensitivity of the differential absorg-
tion method is discussed. Finally, recent experimental results are reviewed to

illustrate the advantages of this remote pollutant measurement method.
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The differential absorption method was first suggested by Schotland

in 196 using a searchlight as a light source. The method was recently

discussed by Igarashill9 and first analyzed in detail by Byer and Gerbuny33
and by Measures and I&lon.5 Wrightlgo has also considered the application of
differential absorption to pollution monitoring. In this section we follow

~ the approach of Byer and Garbuny and first find the required transmitted
energy, the signal to noise ratio and then the sensitivity of the measurement
vg8 range.

Before proceeding with the analysis, it-is useful to schematically
describe pollutant measurement by the differential absorpticn method. Figure
9 illustrates the returned backscattered power when the transmitted wavelength
: is tuned on and off the CO absorbing transitioﬁ. The assumed tranémitter
and receiver characteristics are shown in the figure. The range derivative
of 'zniziff/rin] equals the CO concentration shown at the bottom of the
figure. The differential absorption method thus describes a aifferential in
space with the differential tuning on and off the absorption line being under-
stood. Figure 9 illustrates both the depth resolution and the sénsitivity of

the differential absorption method.

To evaluate the required transmitted energy for a differential absorptionr

messurement we proceed as previously for the topographical absorption meﬁhod
{cf Egs. (37) - (42)]. However, now the effective target reflectivity (p/x)

is replaced by % erB(R) with total backscatter coefficient given by

e (®) (44 )

B(R) = B (R) + B
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where B and SMIE are given by Eq. (4) and Eq. (6). However in the
infrared,-caution must be used in 2pplying Eq. (6).h9’50’121

* Table IIT shows thal the effective reflectivity due to distributed
‘particulate backscattering is approximatelj four orders of magnitude less
than that for tépographical targeté. Thus the depth resoluticn advantage.
obtained by the differential absorption method is'acquire& 2t an increased
required transmitted energy.

Substituting for p/x in Eq. (42) we obtain for the required-transmitted

energy for the differentiél absorption measurement method .

2
Y s, 1 1 R exp2fa: +N o0, 1R
[NEP( ) ] sc ¥ Na %ang

E a- 2y = . (5)
)

3 —_
K N v1] (R) A 1- exp_(-e I\IPL e

‘ThéTIEqnirEd transmitted energy now varies as l/vﬁ: instead of vt as for the
topographical absorption method because of the bandwidth requirement for depth
fesolved measurements. Using Eqg. (6) to find BMIE(R) for a.visibility of

5 km and assuming the same parameters as previously for the topographical
absorptioﬁ of CO , we find the required transmitted energy shown in Fié. 1c.
Here o is the CO cross section on resonance and < " the optimum

MAX MIN
cross section given by Eq. (43). At a given range, the differential absorption:_
method requires zbout three orders of magnitude more transmitted energy than -
the topographical absorption method. A 10 mJ pulse energy allows a depth
resolved absorption measurement to a 2 Xm range with a % =l,n=1 and
a 16 m depth resolution. The signal to noise ratio improves with increased

transmitted energy but only as the squaré root of the number of averaged pulses.

There is also a tradeoff in absorption sensitivity and depth resolution as



discuésed previous;y. Obviously a numﬁer of the varisbles can be adjustea
to impro%e the range and sensitivity of the_@ifferential absorption method.
However, Fig. lo-shows that transmitted energies in the lb mJ -~ 100 mJ range
are necessary for differential absorption measurements in the infrared. The
required energy is reduced somewhat in the visible due to increased scatter
return and to more sensitive detectors. Examplés of 502 s N02 and I2
detection are giveﬁ by Measures and Pilon5 and the required energﬁ for N02
detection is discussed by Byer and Garbuny.33
The evaluation of the differential absorption method can be presented

in an alternate way. If we assumed a fixed transmitted energy E we can

N 2

ask how the signal to noise ratio varies as a function of range. For a dark
current limited detector we can invert Eq. (45) and solve for the S/N ratio

. to_find

2®) = £ /B, (R) %<1

1

0.k ET/EO(R) 9= gt
(46)
g ond EO(R) is given by Eg. (45) with S/N - 1.

whgre x=2 NPL 9,8 '
Figure 11 shows the signal to noise vs range for the detection of CO
using an InSb detector and for the detection of N02 using a photomultiplier
detector. Hereit is assumed that the maximum S/N = 100 which cofre3ponds to "
& measurement accuracy & = 4%/x of 1g. For a 100 mJ fraﬁsmitted pulse the
signal to noise ratio decreases beyond 1 km leading to a decreasing measurement
A sensitivity with increasing range. For example, for both CO and N02 the
minimunm measurable concentration for é 15 m depth resolution is 0.14% ppm and

0.85 ppm which holds to a 1 km range for a 100 mJ transmitted pulse. At

2 km range the sensitivity is reduced to 1.4 ppm and 8.5 ppm. These sensitivities
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by Rothe, Brinkman and Walther

can be improved by increasing the integration time and therefore the sampled
depth and absorption length. However, care must be taken to adequately

suppress the background power.

Schotland;ae has slso considered errors involved in the differential

sbsorption mezsurement due to parameters other than detector signal to noise

‘ratio. These parameters include astmospheric properties, uncertainties in the
‘gbsorption coefficient end laser frequency, and signal to noise limitations of

the returned power measurement. Wrightlgo has added digitization noise to the

list qf.importaﬁt contributions to the overall signal to noise ratio. However,
as poiﬁted out by Schotland,122 it is ultimately the returned power signal to
noise ratio which limits the range and sccuracy of the differential abscrption
method. Within the past year experimental observétioﬁs have verified the
theoretically predicted parameters of the differential absorption method.

The earliest experimental work was performed by Schotlandlls who used =
temperature tuned Ruby laser to measure the water vapor vertical profile by

the differential absorption method. Using a ew 3.39 pm HeNe laser Granatsiein

et al.,123 demonstrated differential absorption measurement of CHﬂ and CO2

An & controlled laborétory experiment. The first reported differential

119

absorption measurements In the etmosphere were performed by Igarashi who

used a dye laser to probe for N02 over a 300m path. Concentrations of NO2

and 502 were measured to (0.1 ppm over a 100m path using & 1 mJ dye laser

transaitter.

Recently differential absorption measurements were considerably extended
12k 32
2125 of Cologne, Germany. They used =

. Q
1 mJ, 30 nsec grating tuned dye laser operating between L4550 - L4700 A
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for the tunable laser transmitter. This spegtral region was chosen to
include the more pronounced NO2 absorption peaks. Following beam expansién
the laser output was transmitted into the atmosphere and the backscattgred signal
was received with a 60 cm diameter Cassegréinian telescopé and focused inte
& monochromator and ontc a photomultiplier tube used in the photon counting
mode. The differential range element wes set at 500 m and rangés out to
3.75 km were probed. Concentrations as low as 0.2 ppm were detected over
the city of Cologne.
The first calibration measurements of tﬁe differential absorption.method

125 Using a flashlamp pumped dye laser

25

were recently made by Grant et al.,
operating near 4450 2 at 4-8 mJ pulse energy, Graﬁt et al.,l measured NO,
of known concentration in a sample chamber at 400 m range. Figure 12 shows
.rthe_measurement results by the differential esbsorption method compared to the
calibrated N02 concentration in the sample chamber. The uncertainty in the
measurement is 20 pem for a path length of 2.45 m at S/N = 1.  This is eguiwvalent .
to 0.5 ppm in 100 m path. The error aznalysis for this measurement includes
consideration of power signal to noise, atmospheric conditions and digital
processing error. |
"Perhaps the best demonstration of the differential absorption_method
is the two dimensional N02 density plot over a factory in t@e city of Cologne

shown in Fig. 13. This composite of a series of range resolved measurements

26

made by Rothe et al.,l illustrate the potential of the differential absorption

measurerent for pollution monitoring over urban areas. For these measurements

nearly 2600 pulses of 1 mJ each were averaged. The range resolution is
gbout 100 m. For the plot shown a total of 40,000 pulses were used at 1 Hz

repetition rate.
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To date the differential absorption method has been experimentally
verified only in the visible spectral range. However, plans are underway in
a number of research laboratories to carry out measurements in the infrared.

127

For example Wilther, and Asal and Igarash1128 are planning to use a TEA-

€O, ‘laser source for the detection of ozeme near-10.4 ym. Also, work is
being completed on a high energy 1.k pm to k. b pm parametric tunable source129
for application to near infrared differential absorption measurements. Baséd
on previous experimental results in the visible, range resolved pollutant

detection in the eye safe region of the infrared should prove to be a very

useful monitoring tool in the near future.

ITI. CONCLUSION

The advances in the technology of tunsble laser sources has opened new
po;sibilities for the remote measurement of atmospheric pollutants. From
the msnalysis and examples presented in Section II it is now possible to determine
the required transmitted energy for . each pollutant detection method and the

sensitivity and range of the method at a given transmitfed energy.

- The Raman method, due to the very small Remsn cross section, requires

a fixed frequency laser of approximately 1 J per pulse energy to achieve even

a minimal range and sensitivity. The lack of sensitivity, required operation

- 3n the visible region where eye safety is a serious problem, and the background

apnd interference signals preclude the use of the Raman method for %trace pollutant

detection.

For local rexote monitoring, the new four wave Raman mixing process which

5

has scattering efficiencies 107 times that of spontaneous Raman scattering,

looks very promising for trace gas analysis. However, experimental work



remains to be done to verify the sensitivity predictiohs.r

The resonance énd fluorescence backscatter detection methods require
a tunable laser source as do the absorption methods. From the snalysis of
these remote detection methods it is appsrent that the resonance and fluor-
escence backscafter method requires approximately 100 mJ of transmitted
tunable energy for detection in the infrared. This high requiréd energy,
lack of depth resolution due to the long fluorescence decay times and yariable
cross section due to quenching,reduce the usefulness of the resonance method
for remote monitoring in.the troposphere. Gniy at high altitudes where gquenching
is not a problem and for atomic and molecular transisitons in the ultraviolet
and visible does resonance backsecatter offer defection advantages. For all

other cases, the absorption methcds are significantly better.

™ The absorpticn methods considered are long path absorption using a retro-
reflector or remote detector, long path absorption using a topographical target

and'the differential ahsorption method. For these methods the required power

_ inereases from approximately microwatts for the long path absorption methed to
pulsed energies of 1 mJ for the single ended tbpographical absorption method,
to 10 to 100 mJ for the range resolved differential absorption method. For
increased required tunable laser poweré, the systems offer the advantages of
single ended operation and single ended operation with depth resolution. The

sensitivities of the three absorption methocds are identical for equal path lengths.
The widespread use of the remote detection methods described in this
paper depend critically upon the availability of narrow band, high energy
130

tunable laser sources in the spectral region of interest. Because of the

molecular absorption spectra and the eye safety requirements the 0ptimum
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spectral range is in the 2 um to 15 pm infrared region. It is only récently
that tunable gources with adequate pulse eneféy have been demonstrated in-‘ ‘
the infrared. However, with the developmenﬁ'of high pressure gas lasersl31
and high power nonlinear optical tunable sc_:urces,l32 the prospect for remote
air pollution.measurements locks brighter. In addition, the demonstration

of diode laser operation in the infrared at liquid nitrogen temperaturesl33
significantly extends the possibilities for their widespread use for long

path abs&rption-meausrements and as heterodyne detector local oséillators_
to improve the sensitivity of the topographical and differential Qﬁsorption

methods. With the improvement of tunable infrared laser sources, remote air

pollution measurement should find wider application in the near future.
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FIGURE CAPTICNS

Depth resolution for backscatter remote detection methods. The
sampled depth is AR = cw/2 where 7 1is the laser pulse width or

detection integrztion time.

Détectable CO concentration wvs range by the Raman backscettering

method. Here a doubled Ruby laser scurce is assumed. The other

parameters are discussed in the text.

) (o]
a) Reman return from ordinary air at a range of 30 m for a 3371 A
transmitted beam from a pulsed nitrogen laser,

b) Raman signal from an oil smoke showing the presence of 1,0 ,

CH, , H,8 , CO , NO ang 50, {after Kobaysi and Inaba, ref. 75).

2T

Fluorescence baékscatter.pollutant deteetion sensitivity vs 'rangé

for CO in the infrered at b.6 pm. A 100 md transmitted pulse is

assumed and 2 single pulse (n=1) at S/N =1 is evaluated. Sensitivities

ere shown for optically thin znd. optically thick pollutant layers.

a) Calculated hetercdyne detection sensitivities of SO

, using a

CO. laser as a local oscillater vs the IF bandwidth-integratﬁon s

2

time product.

b) Celculated heterodyne sensitivities for COE detection assuming 1007

irradiation of the detector (solid line) and 2074 irradiation of the detector

(dashed line) and measured sensitivity (crosses) for 207 detector

irradiation. (After Menzies ref. 70).



3

¢

Required transmitted energy vs range for CO detection at 4.7 pm,

. oo . &
Onax indicates tuging on line center and.chIN indicates tuning ?
the optimum cross section for minimum required energy. A 20 ppm
CO ecloud 100 m thick is assumed in the path. {After Byer and

Garbuny, reference 33).

Minimum measurable pollutant concentration vs range at S/N = 10¢
for 50, , N02 and CO. The parameters are similar to those assumed
in Fig. 6 except for a shot noise limited photomultiplier detector

with F =L, Af = 20 MHz and ) = 504 for the SO, and XO, detection.

a) Vibrational-rotational overtone. spectrum of CO by a tunable parametric

laser. The measured cross section for CO at atmospheric pressure
21 '

= is 0.75 X 10 cmz.

10.

b) Two rotational absorption lines in €O of 18 atm-em optical density

at 107 m distance. Zero transmission is presented by the small horczontal

lines at the beginning and end of the trace (after Henningsen et al.,

reference 115). ' ' .

Backscattered pover vs range for detection of CO by the differential

abscrption method. Piff(R) and P:n(R) are the returned powers when
tuned off and on the CO absorption line. Also shown is the logarithm
of the ratio (dashed line) and the range derivative of £n[p°ff/poR]

r r

which equals the CO pollutant concentration.

Required transmitted energy vs range for €O detection at L7 um by

the differential absorption method. For a 100 nsec resolvable pulse
the depth resolution is 15 m and the minimum measurable pdllutant

concentration for S/N = 100 is 0.14 ppm.
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13.

S/N and measurement accuracy; 6, wvs range for the differential
sbgorption methed assuming a 100 mJ, 100 nsec transmitted pulse.
The depth resolution is 15 m. Here V is the visibility and MIN ?

given by Eq. (43), is the optimum cross section.

A calibrated differential'absorption measurement of N02 at 400 m.
N02 measured by the differential abscrption method vs NO2 measured
by transmissometer in the 2.45 m semple chamber. These measurements

o
were taken at 4418 and 4448 A (After Grant et 2l., reference 125).

N02 distribution over a chemical'faétory as derived from differential

absorption measurements at the indicated directions at an sltitude of

“. 45 m ., The concentratins are given in ppm (after Rothe et al.,

reference 126).
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